Hyphal growth of Candida albicans was observed at neutral condition, whereas the yeast growth was increased below pH 5. Eight out of 12 strains of C. albicans grow in hyphal form at pH 7, and hyphal formation was inhibited in all strains at pH 4. The addition of GMP, an alternative oxidase (AOX) activator, induced the hyphal growth at pH 4. Although C. albicans grew in hyphal form in pH 7, SHAM, an AOX inhibitor, enhanced the yeast proliferation at this pH. The relative expression level of RAS1 mRNA was higher at pH 7 than at pH 4, indicating that the hyphal formation signal was defective under acidic conditions. Based on these findings, we concluded that AOX-RAS1 signal transduction is the main pathway of hyphal formation of C. albicans, and that the signal was controlled by pH condition.
Candida albicans is an opportunistic fungus which generally exists in the oral cavity, skin, vagina and intestinal organs, and is also one of the causes of superinfection. 1) C. albicans possesses a number of factors that could be involved in the invasive process. Adhesins, dimorphism and the secretion of specific hydrolytic enzymes have been suggested as possible virulence factors.
2) C. albicans is a dimorphic fungus which transforms from yeast to a hyphal form depending on the growth conditions. C. albicans expresses a cyanide-insensitive alternative oxidase (AOX) upon exposure to respiratory inhibitors that act downstream from coenzyme Q.
3)
The electrons can flow either through the conventional or the alternative respiratory pathway. The availability of two electron pathways in C. albicans and the potential use of either pathway endows this pleomorphic fungus with another level at which it can rapidly adjust to altered environmental conditions. C. albicans has RAS1 protein, which activates factors involved in hyphal formation signals, such as EFG1 and CPH1. 4) The hyphal form of C. albicans is more virulent than the yeast form, because the secretion of virulence factors is activated in the former. 5) In general, the pH in the mouth is neutral and the pH in the vagina is acidic. Past studies have demonstrated that the growth form of C. albicans can be controlled by adjusting the pH conditions, 6) but the signal transformation system underlying this control was not clarified. In this study, we analyzed the mechanism of transformation of C. albicans cultured under several pH conditions. NIH A-207, TIMM1768,  JCM2076, TIMM2640, IFO0579, BWP17wp, JCM1542,  JCM1621, JCM2900, JCM2074, JCM2374 and JCM1543 were incubated in Sabouraud's liquid medium with shaking at 27°C for 24 h.
MATERIALS AND METHODS

Strains Candida albicans
Reagents Salicylhydroxamic acid (abbreviated as SHAM, Aldrich) and guanosine-5Ј-monophosphate disodium salt (abbreviated as GMP, Nacalai Tesque) were used.
Influence of pH on Growth Form of C. albicans The pH conditions in RPMI1640 medium were addjusted by addition of 1 N HCl or 1 N NaOH before the incubation starting. After the incubation, each pH was measured using ISFET pH METER KS501 (Shindengen Electric Manufacturing). The pH of the medium cultured in 5% CO 2 was not affected below pH 7 condition (pH 3.3→pH 3.3, pH 3.9→pH 3.9, pH 5.6→pH 5.7, pH 6.4→pH 6.7 and pH 7.4→pH 7.4), but the alkaline conditions were adjusted to pH 7 until the cultivation was completed (pH 8.0→pH 7.6, pH 8.8→pH 7.6 and pH 9.8→pH 7.5). C. albicans (1ϫ10 5 cells/ml) was suspended in pH-adjusted RPMI1640 medium and incubated at 37°C in 5% CO 2 . After 4 h of incubation, the C. albicans cells were photographed with an IX51 microscope (Olympus) to record their growth form. After the incubation, the number of yeast cells in suspension culture was counted using a hemocytometer and the total number of cells was measured as the optical density (OD) at 620 nm. The absorbance was converted into the number of cells using calibration curve prepared with the yeast cells. The accuracy of this measurement was verified using NucleoCounter TM YC-100 (MS Techno Systems). NucleoCounter TM YC-100 can count the amount of nucleus and converted into the number of cells. When the number of hyphal cells of C. albicans was counted using this system, the resulted number was similar to the number calculated from the absorbance (data not shown).
Effect of AOX Activator on Yeast Growth of C. albicans Cultured under Acidic Conditions GMP (final concentration 2 mg/ml) was added to C. albicans suspended in RPMI1640 medium (1ϫ10 5 cells/ml, pH 4), and the cells were incubated at 37°C in 5% CO 2 for 3 h. After the incubation, the growth form of C. albicans was examined by photographing the cells as described above.
Effect of AOX Inhibitor on Growth Form of C. albicans C. albicans NIH A-207 strain (1ϫ10 5 cells/ml, pH 7) was mixed with SHAM (final concentration 1 mg/ml), and incubated at 37°C in 5% CO 2 for 24 h. After the incubation, the fraction of cells in the yeast growth form was measured. Glucose was inhibited the yeast induction by SHAM (data not shown), thus glucose-free RPMI1640 medium was prepared and used in this assay.
Quantification of RAS1 mRNA in C. albicans C. albicans (1ϫ10 5 cells/ml in RPMI1640 medium, pH 4 or 7) was incubated at 37°C in 5% CO 2 for 3 h. After the incubation, the cells were harvested by centrifugation, and re-suspended in Zymolyase buffer [10 mg/ml of Zymolyase 100T (Seikagaku), 0.9 M sorbitol, 0.1 M ethylene diamine tetraacetic acid (EDTA)-Na, 50 mM dithiotheritol (DTT) (pH 7.5)] at 37°C for 20 min. Total RNA was extracted using a Total RNA Purification Kit MagExtractor (Toyobo). To prepare cDNA, the total RNA was mixed with dNTP mix (Toyobo). Random hexamers (Roche Diagnostics) were added to the mixture and incubated at 70°C for 3 min. M-MLV Reverse Transcriptase (Ambion), a 1 : 10 volume of 10ϫReverse Transcriptase (RT) buffer (Ambion) and RNase inhibitor (Promega) were added to this mixture and incubated at 42°C for 1 h. The reaction was terminated by heating at 92°C for 10 min and the resulting mixture was used as cDNA solution. The relative expression of the target gene in the cDNA library was analyzed using the 7500 Real Time PCR System (Applied Biosystems). The gene arrangement was examined using the Entrez System of the National Center for Biotechnology Information (U.S.A.). The PCR primers and TaqMan MGB probe were designed using Primer Express (Applied Biosystems). The results are shown as relative expression compared to 18S rRNA.
Statistical Analysis Values are shown as meansϮS.E., and statistical analysis of these data was performed using the Student's t-test. pϽ0.05 was considered significant.
RESULTS
Influence of pH on Growth Form of C. albicans C. albicans NIH A-207 was suspended in RPMI1640 medium (pH 3 to 9) and the growth form was observed. The acidic condition in the medium was prepared by addition of 1 N HCl before the incubation. The cultivation in 5%CO 2 did not affect below pH 7 condition, but the alkaline conditions (pH 8 and 9) were shifted to pH 7 until the cultivation was completed. Hyphal growth was observed at pH higher than 6 and yeast growth was increased below pH 5 (Fig. 1) . The fraction of cells in the yeast cell was calculated, and the results showed that hyphal growth was completely inhibited below pH 5 (Fig. 2) .
These inhibitions were not due to the cell death, because C. albicans was able to grow under pH 5 conditions (Fig. 3) .
To examine whether the hyphal growth of other C. albicans strains were also controlled by pH, we examined the growth form of 12 strains of C. albicans at pH 4 and 7. Eight out of 12 strains grew in hyphal form at pH 7 (NIH A-207, TIMM1768, JCM2076, TIMM2640, IFO0579, BWP17wp and JCM1542, JCM1621), all strains grow in yeast form at 924 Vol. 29, No. 5
Fig. 1. Growth Form of C. albicans under Various pH Conditions
C. albicans NIH A207 was cultured at several pHs for 2 h. After the incubation, the growth form of C. albicans was recorded using a camera attached to an IX51 microscope (Olympus, ϫ400).
Fig. 2. Yeast Ratio of C. albicans Cultured under Various pH Conditions
C. albicans NIH A207 (1ϫ10 5 cells/ml) was suspended in pH-adjusted RPMI1640 medium and incubated at 37°C in 5% CO 2 for 24 h. After the incubation, the fraction of C. albicans in the form of yeast cells was measured as described in Materials and Methods. * pϽ0.001 vs. pH 5 (nϭ3). pH 4.
Effect of AOX Regulators on Growth Form of C. albicans As C. albicans can rapidly adjust to altered environmental conditions mediating AOX, 3) we expected AOX related to the transformation of C. albicans. Thus, we measured the effects of GMP, an AOX activator, 7) and SHAM, an AOX inhibitor on the growth form of C. albicans. 8) C. albicans grow in yeast form at pH 4, however, the addition of GMP induced the hyphal growth (Fig. 4) . Although C. albicans grew in hyphal form at pH 7, SHAM enhanced the yeast proliferation under the condition (Fig. 5) .
Relative Expression of RAS1 mRNA To examine that AOX related to RAS expression, the expression of RAS1 mRNA in C. albicans treated with SHAM or GMP was measured. When C. albicans in glucose-free RPMI1640 (pH 7.0) was treated with SHAM, the expression of RAS1 mRNA in C. albicans was significantly decreased by SHAM treatment (0.09Ϯ0.01, nϭ3, pϽ0.001) compared with the untreated control (0.84Ϯ0.20, nϭ3). The treatment of GMP enhanced the expression of RAS1 mRNA (1.77Ϯ0.15, nϭ3) compared with that of control (0.56Ϯ0.10, nϭ3, pϽ0.001). These results indicated that AOX related to the RAS1 expression.
RAS1 is a principal protein for the hyphal formation, 4) thus, we expected that the level of RAS1 protein would be low at pH 4 and measured the expression of RAS1 mRNA. The relative expression level of RAS1 mRNA was 6.08Ϯ1.3 (nϭ3) at pH 7 and 0.16Ϯ0.02 (nϭ3, pϽ0.001) at pH 4, indicating that the hyphal formation signal was defective under acidic conditions.
DISCUSSION
The yeast to hyphal transformation of C. albicans depends on the pH of the medium, 6) but the signal system controlling this transformation has not been clarified. In this study, we analyzed the mechanism of transformation of C. albicans cultured at several pHs.
RPMI1640 medium is useful for dimorphic cultivation of C. albicans. 9) In this medium, C. albicans grows in the hyphal form at neutral condition, while it grows in yeast form under acidic conditions (Figs. 1, 2) . The hyphal transformation of C. albicans is controlled by RAS1 signal pathway. 4) Moreover, the respiration and the electron transfer system is involved in the transformation of C. albicans. 10, 11) The signal in this system branches at CoQ, and then the signal is transmitted to complexIII or AOX. 5) AOX occurs in the filamentous fungus Podospora anserine, 12) and C. albicans can rapidly adjust to altered environmental conditions mediating AOX.
3) Thus, we examined the effect of AOX regulators on the transformation of C. albicans.
The addition of GMP to the medium induces the germination of C. albicans under acidic conditions (Fig. 4) . As GMP is an activator of AOX, 7) AOX might be related to the transformation of C. albicans. SHAM is an AOX inhibitor, 8) and induces the yeast proliferation of C. albicans at pH 7 ( Fig.  5) , suggesting that AOX controls the signal mediating pH-dependent transformation.
C. albicans possesses RAS1 protein, which activates the GMP (final concentration 2 mg/ml) was added to C. albicans suspended in RPMI1640 medium (1ϫ10 4 cells/ml, pH 4), and the cells were incubated at 37°C in 5% CO 2 for 3 h. After the incubation, the growth form of C. albicans was recorded as described in Fig. 1 (ϫ400) . C. albicans NIH A-207 strain (1ϫ10 5 cells/ml, pH 7) was mixed with SHAM (final concentration fraction 1 mg/ml), and incubated at 37°C in 5% CO 2 for 24 h. After the incubation, the ratio of yeast cells was calculated. * pϽ0.001 vs. control (nϭ3).
hyphal formation signal. 13) The relative expression level of RAS1 mRNA was markedly reduced by SHAM and increased by GMP. These results suggested that AOX control RAS expression. The expression of RAS1 mRNA was reduced at pH 4 compared with that at pH 7, indicating that acidic stimulation was inhibited the signal for the hyphal formation.
Thus, we concluded that AOX-RAS1 signal transduction was the main pathway of hyphal formation of C. albicans, and the signal was controlled by the pH conditions.
